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ABSTRACT
We show that R2 gravity coupled conformally to scalar fields is equivalent to the real
bosonic sector of SU(N,1)/SU(N)×U(1) no-scale supergravity, where the conformal factor
can be identified with the Ka¨hler potential, and we review the construction of Starobinsky-
like models of inflation within this framework.
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The singularity-free cosmological model which incorporates inflation [1], and that in
which quantum perturbations were first calculated [2], was that based on R + R2 grav-
ity. Remarkably, almost four decades later, the perturbation spectrum calculated in this
pioneering model of inflation remains in excellent agreement with the growing wealth of
measurements of the cosmic microwave background (CMB) radiation and data on large-
scale structure [3], whereas many more junior models have fallen by the wayside.
Since we are unabashed fans of supersymmetry at the TeV scale and above, we have
long advocated supersymmetric models of inflation [4]. Since any cosmological model must
incorporate gravity, we have also long advocated models of inflation based on in the frame-
work of local supersymmetry, i.e., supergravity [5]. In particular, for over 30 years we have
been advocating models of inflation [6–9] formulated within no-scale supergravity [10–12],
which offers a positive semidefinite scalar potential and mitigates the η-problem [13] that
is the bane of generic supergravity models of inflation [14]. This conclusion is unaffected
by radiative corrections [13, 15].
The advent of a new generation of CMB data in the last few years encouraged us to
return to the construction of no-scale supergravity models of inflation. Imagine our surprise
when we discovered that a simple model of an inflaton field coupled to SU(1,1)/U(1) no-scale
supergravity [16] could yield an effective scalar potential that is identical to that obtained
in the original R + R2 model after a conformal transformation [17], a realization that had
also been reached in 1987 [18], though without making the connection to cosmological
inflation. This convergence between R + R2 gravity and no-scale supergravity was very
intriguing [19], but the nature of any deeper connection remained obscure.
In this paper we make a simple point that, to our knowledge, has not been made
previously in the way described here. We consider pure R2 gravity supplemented by a set of
complex scalar fields φi with conformal couplings to R of the form (
∑N−1
i=1 |φi|2)R/3. Within
this extended R2 theory, we consider a generalization of the conformal transformation [20]
that rewrites R+R2 gravity as minimal R gravity coupled to a scalar field with a potential
of the form
V =
3M2
4κ2
(
1− e−
√
2
3
φ
)2
, (1)
which yields successful inflation. The multifield generalization yields a scalar Lagrangian
that is identical to that obtained in a SU(N,1)/SU(N)×U(1) no-scale supergravity model [11]
with Ka¨hler potential
K = −3 ln
(
T + T † − (
N−1∑
i=1
|φi|2)/3
)
, (2)
when we discard the imaginary parts of the scalar fields. Within this framework, the
inflaton field φ in (1) can be identified (up to a suitable normalization) with either the
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combination T + T † or the real part of one of the conformal fields φi. Moreover, the con-
formal factor Ω that transforms the extended R2 theory to the Einstein frame is identical
to the Ka¨hler potential (2), up to a numerical factor: Ω = −K/6. This identification re-
inforces the connection between R2 gravity and no-scale supergravity that emerged in [17]
(see also [21]), and was developed further in [22–30].
R2 Gravity and a De Sitter Universe
As a preliminary to developing this connection, we first review the case of pure R2
gravity, which is described by the action:
A = 1
2
∫
d4x
√−gαR2 , (3)
where α is an arbitrary dimensionless constant. The pure R2 theory (3) is scale-invariant.
It may be rewritten in the following form, using a Lagrange multiplier field Φ:
A = 1
2
∫
d4x
√−g (2αΦR− αΦ2) . (4)
Note that the field Φ has non-canonical mass dimension: [Φ] = 2, not the canonical mass
dimension [Φ] = 1.
In order to rewrite the action (4) in the Einstein-Hilbert form, one rescales the metric
by introducing a conformal factor Ω, as follows:
g˜µν = e
2Ωgµν =
2αΦ
µ2
gµν , (5)
where µ is a mass scale to be determined. The pure R2 action (3) then becomes
A = 1
2
∫
d4x
√
−g˜e−4ΩαR2 , (6)
where
R = e2ΩR˜ + 6Ω + 6∂µΩ∂µΩ , (7)
which implies that
e−4ΩαR2 = e−2Ω2αΦR˜ + 12e−4ΩαΦ(Ω + ∂µΩ∂µΩ)− e−4ΩαΦ2 . (8)
After rewriting contractions and covariant derivatives in terms of the new metric g˜, we have
e−4ΩαR2 = µ2R˜ + 6µ2(Ω− ∂µΩ∂µΩ)− µ
4
4α
(9)
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After further eliminating a total divergence, we see that the action appears now in the
Einstein frame:
A = 1
2
∫
d4x
√
−g˜
(
µ2R˜− 6µ2∂µΩ∂µΩ− µ
4
4α
)
. (10)
or equivalently
A = 1
2
∫
d4x
√
−g˜
(
µ2R˜− 3µ
2
2
∂µΦ∂µΦ
Φ2
− µ
4
4α
)
. (11)
Finally, in order to write the scalar kinetic term in canonical form, we introduce φ ≡ √6µΩ,
leading to
A = 1
2
∫
d4x
√
−g˜
(
µ2R˜− ∂µφ∂µφ− µ
4
4α
)
. (12)
We see now that the mass scale µ can be identified with the Planck scale: Newton’s constant
8piG2N = κ
2 = 1/µ2.
Thus we have recovered the well-known result [21,31] that pure R2 gravity is equiva-
lent to the conventional Einstein-Hilbert theory with a massless scalar field φ and a cosmo-
logical constant Λ = µ4/8α. The dimensionless parameter α in (3) specifies the magnitude
of Λ in Planck units, and we see that α≫ 1 is required.
The Starobinsky Model of Inflation
Next we recall the Starobinsky model of inflation [1], which is derived by adding to
the pure R2 action (3) the conventional linear Einstein-Hilbert term:
A = 1
2κ2
∫
d4x
√−g (R + α˜R2) , (13)
where we have introduced the dimensionful constant α˜ = κ2α. As is well known, after
rewriting αR2 → 2αΦR − αΦ2 and making a conformal transformation analogous to that
in the pure R2 case:
g˜µν = e
2Ωgµν = (1 + 2α˜Φ) gµν , (14)
one finds
A = 1
2κ2
∫
d4x
√
−g˜
[
R˜− 6α˜
2
(1 + 2α˜Φ)2
(
∂µΦ∂µΦ +
Φ2
6α˜
)]
. (15)
Setting κφ ≡√3/2 ln (1 + 2α˜Φ), (13) may be written as follows in the Einstein frame:
A = 1
2κ2
∫
d4x
√
−g˜
[
R˜− κ2∂µφ∂µφ− 1
4α˜
(
1− e−
√
2
3
κφ
)2]
. (16)
Thus one recovers the successful inflationary potential (1) with α˜ = 1/6M2 [1]. The scale
invariance of the pure R2 theory (3) is broken explicitly by the Einstein-Hilbert term in
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(13), and leads to an effective potential (1) with a constant, scale-invariant asymptotic
limit that is approached exponentially at a rate controlled by the Planck scale κ.
Generalization with additional conformally-coupled fields
With a view to the later comparison with generalized no-scale supergravity mod-
els [11], we now consider adding to the R2 action (13) N − 1 additional complex fields φi
with conformal couplings to R:
A = 1
2κ2
∫
d4x
√−g
[
δR + α˜R2 − 2κ2
N−1∑
i=1
(
∂µφi∂µφ
†
i +
1
3
|φi|2R
)]
, (17)
where δ = 0 corresponds to the R2 theory and we allow δ = 1 to describe the R + αR2
Starobinsky model. As previously, we introduce a Lagrange multiplier field Φ, and replace
αR2 in (17) by 2αΦR − αΦ2, as in (4). In order to transform to the Einstein frame, we
must now rescale the metric by the modified conformal factor Ω:
g˜µν = e
2Ωgµν = (δ + 2α˜Φ− κ
2
3
N−1∑
i=1
|φi|2)gµν . (18)
Thus we arrive at the following generalization of (10):
A = 1
2κ2
∫
d4x
√
−g˜

R˜− 6∂µΩ∂µΩ − N−1∑
i=1
2κ2∂µφi∂µφ
†
i(
δ + 2α˜Φ− κ2
3
∑N−1
i=1 |φi|2
) − α˜Φ2(
δ + 2α˜Φ− κ2
3
∑N−1
i=1 |φi|2
)2


(19)
that we compare below with the effective action of SU(N,1)/SU(N)×U(1) no-scale super-
gravity [17].
From R2 Gravity to SU(1,1)/U(1) No-Scale Supergravity
The pure R2 supergravity model was constructed in [26]. Here we compare the action
in (11) and (12) with that of the simplest SU(1,1)/U(1) no-scale supergravity model [16]
(see also [21]).
We recall that, in addition to the supergravity multiplet, which contributes the
bosonic term A = 1
2κ2
∫
d4x
√−gR to the effective action, the structure of the matter
sector of a supergravity theory is characterized by the Ka¨hler function
G = K + ln |W |2 , (20)
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where the Ka¨hler potential K is a hermitian function of the complex scalar fields, and
W is the superpotential, which is a holomorphic function of these fields. The simplest
SU(1,1)/U(1) no-scale supergravity model can be written in terms of a single complex field
T with Ka¨hler potential
K = −3 lnκ (T + T †) , (21)
whose Lagrangian takes the very simple form
L = − 3
(T + T †)2κ2
∂µT∂µT
† = − 1
12κ2
(∂µK)
2 − 3
4
e2K/3|∂µ(T − T †)|2 , (22)
with vanishing potential.
In order to establish the correspondence with R2 gravity, we consider a superpotential
of the form [16, 28]
W = T 3 − µ
3
12α
, (23)
which generates a scalar potential of the form
V (T, T †) =
µ4
4α
T 2 + T †
2
(T + T †)2
. (24)
We restrict our attention initially to the real direction in field space 1. With this restriction,
the last term in (22) can be discarded, and the effective potential (24) is constant along the
real T + T † direction, a` la De Sitter. Comparing with the action (12), which is equivalent
to the pure R2 theory (3), we see that there is a direct correspondence, and that we can
identify
K = −6Ω . (25)
Thus we have made the association δ + 2α˜Φ = κ(T + T †) and Ω = 1
2
ln κ(T + T †). It
is striking that this correspondence is realized with a superpotential (23) that is a simple
combination of trilinear and constant terms.
We note that the relation (25) holds in general when one matches to supergravity
any theory whose gravitational kinetic term can be written in the form ΦR, including R2
gravity. The supergravity Lagrangian can be written as [32]
LSG = −1
6
ΦR − ∂
2Φ
∂φi∂φ∗j
(∂µφ
i∂µφ∗j)−
1
4Φ
(
∂Φ
∂φi
∂µφ
i − ∂Φ
∂φ∗j
∂µφ
∗
j )
2 + . . . , (26)
where the . . . represent terms containing gauge fields and fermions, and potential terms.
Here, Φ is a real function of the scalar components of chiral superfields. Upon transforma-
tion to the Einstein frame via a conformal transformation with e2Ω = −κ2Φ/3, we recover
1As noted in [28], this theory is unstable in the imaginary T − T † direction, but could be stabilized by
some suitable mechanism such as quartic terms in the Ka¨hler potential, as considered in [11, 22].
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the standard kinetic terms for supergravity with
L = 1
2κ2
R˜ − 1
κ2
Kji (∂µφ
i)(∂µφ∗j) (27)
where Ki ≡ ∂K/∂φi and Ki ≡ ∂K/∂φ∗i and we have the same relation (25) between K and
Ω. We further note that, since the pure R2 gravitational theory contains no kinetic term for
scalar fields, i.e., the middle term in Eq. (26) vanishes, the kinetic term of the scalar degree
of freedom in the Einstein frame arises solely from the conformal transformation [16], and
we can write −κΦ/3 = T + T †, i.e., K = −3 ln κ(T + T †), without loss of generality, thus
pointing to the root of the R2 conformal equivalence to no-scale supergravity.
The correspondence between the kinetic terms for the conformal scalar field in the
Starobinsky model (16) and the no-scale field in (22), namely δ+2α˜Φ = κ(T +T †), was al-
ready noted in [22]. This identification reflects the partial invariance of both theories under
the non-compact U(1) scale transformations: t → αt, which are included in the SU(1,1)
group of isometric transformations as dilations, though neither K nor W are themselves
invariant, and the analogous transformation for the scalar kinetic term in the Starobin-
sky model (16). The potential of the Starobinsky model or the corresponding no-scale
SU(1,1)/U(1) model is, however, not invariant under this rescaling of the corresponding
scalar field, as this scale invariance is explicitly broken by the Einstein-Hilbert term, which
is linear in the curvature R, or by the superpotential, causing a deviation from pure De
Sitter.
The kinetic term for the imaginary part of T can also be accounted for if we extend
the gravitational action to include an auxiliary field, bµ, coupled as follows in the Einstein
frame
∆A = − 1
κ2
∫
d4x
√
−g˜ (1
3
bµb
µ − bµJµ) (28)
to a current Jµ:
Jµ = −2(ΩT∂µT − ΩT ∗∂µT ∗) = 1
3
(KT∂µT −KT ∗∂µT ∗) . (29)
The field bµ satisfies the equation of motion bµ =
3
2
Jµ, so that the action becomes
∆A = 3
4κ2
∫
d4x
√
−g˜ (JµJµ) = − 3
4κ2
∫
d4x
√
−g˜ |Jµ|2 , (30)
which corresponds to the final term in (22), see also [16].
Before generalizing the SU(1,1)/U(1) theory, we return to the question of flat poten-
tials and the SU(1,1) invariance. It was argued in [16] that, in order to solve the hierarchy
problem, the theory should have constant Ka¨hler curvature, R = 2/3 which is guaranteed
by the choice of Ka¨hler potential given in (21). As was also shown in [16], the SU(1,1)
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invariance also allows, more generally, any space with Ka¨hler curvature given by R = 2/3a
which is obtained when (21) is generalized to
K = −3a ln κ (T + T †) . (31)
This theory will also produce a flat potential [12,16,28] when i) W (T ) = 1 leading to zero
cosmological constant, or ii) when W (T ) = T 3a/2 leading to an anti-De Sitter solution [22],
or iii) when W (T ) = T 3a/2(T−3
√
a/2−T 3√a/2). The latter corresponds to the choice (23) for
a = 1 and is stable for a > 1 [28]. It can be used for single-field inflation as in the so-called
α-attractor models [33]. We note that this class of maximally-symmetric models can also
be matched to the R2 theory with K = −6aΩ, with the special case of a = 1 corresponding
to the no-scale models we discuss here.
Generalization to SU(N,1)/SU(N)×U(1) No-Scale Supergravity
We now show that the generalization (17) of theR2 theory with additional conformally-
coupled fields corresponds in a similar way to the SU(N,1)/SU(N)×U(1) no-scale super-
gravity model [11] with Ka¨hler potential (2).
In this model, the relevant scalar-bosonic kinetic terms can (after some simple alge-
braic manipulations) be written as
− 1
12κ2
(∂µK)
2 − eK/3|∂µφi|2 − 3
4
e2K/3|∂µ(T − T †) +
N−1∑
1
1
3
κ(φ∗i∂µφ
i − φi∂µφ∗i )|2 . (32)
Comparing (32) with (19), we can make the same identification as in (25), after identifying
δ+2α˜Φ = κ(T+T ∗). As in the SU(1,1)/U(1) case, we assume that the imaginary component
of T is stabilized as well as the imaginary parts of φi, in which case the last term in (32)
can be discarded, and the correspondence to the kinetic terms in (19) is direct.
The remaining kinetic terms associated with the imaginary parts of the scalar fields
can be mirrored by making the same addition to the action as in (30), with an extension
of the current to include the remaining N − 1 fields:
Jµ =
1
3
∑
a
(Ka∂µΦ
a −Ka∂µΦ∗a) , (33)
where the index a runs over the fields T and the φi. The current-current interaction in (30)
corresponds to the final term in (32) when the current is defined as in (33).
In order to complete the correspondence with the generalized R2 gravity theory (17),
we must introduce an effective scalar potential term corresponding to the last term in (19).
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This is easily done by including the same superpotential term as in (23), which yields the
scalar potential
V (T, φ) =
µ2
4α
T 2 + T †
2
(κ(T + T †)− κ2
3
∑N−1
i=1 |φi|2)2
. (34)
This reproduces the last term in Eq. (19) for δ = 0 when we restrict our attention to the
real direction in T , as per our previous assumption that the imaginary direction in T is
stabilized.
To summarize this part of our paper: he conformal factor that transforms the gen-
eralized scale-invariant R2 theory with multiple conformally-coupled scalar fields (17) to
the Einstein frame is identical with the Ka¨hler potential of SU(N,1)/SU(N)×U(1) no-scale
supergravity. The kinetic term for Ω in (19) matches exactly the first term in the no-scale
scalar kinetic term (32), and the second term in (32) also exactly matches the kinetic term
for the φi in (19). When we restrict our attention to the real parts of the complex fields T
and φi, the last term in (32) vanishes, and the identification is complete. This final term
can also be mirrored by introducing into the gravity theory a suitable interaction of the
current (33).
Introducing a Starobinsky-like Inflationary Potential
We now discuss how a potential Vˆ for the fields φi may be introduced into the multi-
field R2 action (17), i.e.,
∆A = − 1
2κ2
∫
d4x
√−g2κ2Vˆ (Φ, φi) , (35)
which corresponds to a term of the form
∆A = − 1
2κ2
∫
d4x
√
−g˜ 2κ
2Vˆ (Φ, φi)
(δ + 2α˜Φ− κ2
3
∑N−1
i=1 |φi|2)2
(36)
in the Einstein frame.
We recall that the effective potential in no-scale supergravity takes the following form
for general W :
V =
Vˆ
(κ(T + T †)− κ2
3
∑N−1
i=1 |φi|2)2
(37)
where
Vˆ ≡
N−1∑
1
∣∣∣∣∂W∂φi
∣∣∣∣
2
+
κ
3
(T + T ∗)|WT |2 + κ
2
3
(
WT (
N−1∑
1
φ∗iW
∗
φi
− 3W ∗) + h.c.
)
. (38)
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The following specific, separable form for W :
W = T 3 − µ
3
12α
+ f(φi) , (39)
yields the following form for the scalar potential Vˆ :
Vˆ (T, φi) = (κ2(φifφi − 3f)T †
2
+ h.c.) + |fφi|2 + κµ
3
4α
(T 2 + T †
2
) . (40)
We note that the last term in (40) is precisely that in (34), and does not contribute to the
construction of Vˆ (φ, φi) in (36).
In order to realize inflation in this framework, we restrict our attention, for simplicity,
to a single matter field φ1 in addition to the modulus T in the no-scale picture. This
corresponds to a non-compact SU(2,1)/SU(2)×U(1) coset structure, which we have argued
previously is the minimal structure required to construct a suitable inflationary model [17].
We consider two forms of the superpotential which can accommodate the Starobinsky model
of inflation.
The first is a Wess-Zumino model in which the inflaton is identified with φ1. It is
described by the φ1-dependent superpotential [17]
WWZ = M
[
φ1
2
2
− κφ
13
3
√
3
]
. (41)
As discussed in [17], if we assume that T is constrained by Planck-scale dynamics to have
the specific value κT = 1/2 2, the resulting no-scale model yields the Starobinsky potential
(1), as we now show.
Restricting to real fields as discussed previously, we can match this theory with the
potential
Vˆ = M2φ1
2
(
1− κφ1/
√
3
)2
− 1
2κ2
α˜Φ2 , (42)
where the last term in (42) is needed to cancel the last term in (19). Then, assuming that
the value of Φ is fixed: δ+ 2α˜Φ = 1, and combining with (19), we find the following scalar
potential for φ1:
V (φ1) =
Vˆ + (1−δ)
2
8α˜κ2
(1− κ2
3
|φ1|2)2 =
M2φ1
2 (
1− κφ1/√3)2
(1− κ2
3
|φ1|2)2 (43)
when one recalls that α˜ = 1/6M2, and remembers that the last term in (42) cancels.
Finally, making the transformation
φ1 =
√
3 tanh(φ/
√
6) , (44)
2The choice of this value is for illustration: other choices yield similar results when combined with the
corresponding change in (41).
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one recovers the standard form of the Starobinsky potential (1) as a function of this φ field.
The second route to a Starobinsky-like model of inflation is the Cecotti model [18]:
WC =
√
3Mφ1(T − 1/2) , (45)
where the inflaton is identified with T . This offers a simpler realization of inflation, since
it does not require any additional superpotential term as in Eq.(23). In terms of Φ and φ1,
the theory is equivalent (when fields are again taken to be real) to
2κ2α˜Vˆ =
1
4
− δ + 2α˜Φ
2
+
δ2 + 4δα˜Φ
4
+
2
3
κ2φ1
2
(1− δ + 2α˜Φ
2
) . (46)
When φ1 is constrained to have vanishing expectation value and when combined with (19),
this yields the following scalar potential for Φ:
V (φ) =
Vˆ + (α˜Φ2/2κ2)
(δ + 2α˜Φ)2
=
3M2
16κ2t2
− 3M
2
4κ2t
+
3M2
4κ2
, (47)
where we have defined 2t = δ+2α˜Φ. Making the transformation κφ ≡ √6Ω = (√6/2) ln 2t
we recover once again the Starobinsky potential as a function of this φ field.
Summary
We have explored in this paper the connection between R2 gravity and minimal
SU(1,1)/U(1) no-scale supergravity [17]. The supersymmetric completion of pure R2 was
considered in [26], and we have shown that by an extension of the theory to include many
conformally-coupled scalar fields can be matched to more general SU(N,1)/SU(N)×U(1)
no-scale supergravity theories (see also [21]). In the R2 frame, we are able to perform
a conformal transformation eΩ to the Einstein frame which introduces a dynamical real
scalar degree of freedom, Ω. In the pure R2 theory, the field is massless and there is a
non-zero cosmological constant characterized by the coupling of the R2 term in the action.
In either the R + R2 theory, or one with conformally coupled scalar fields, the scalar
potential is non-trivial and possesses a second-order pole, whereas the kinetic terms of the
conformally-coupled scalars contain a first-order pole. The presence of this pole leads to
the asymptotically-flat feature at large field values that is characteristic of the Starobinsky
model [1]. In the no-scale supergravity theory, due to the logarithmic structure of the Ka¨hler
potential and the definition of the kinetic and potential terms in terms of derivatives of K,
these terms (in the real directions) possess exactly the same pole structure, leading to the
asymptotical flatness so useful for inflation.
We have shown that the parts of the action involving the real components of the
scalar fields are identical in R2 gravity and no-scale supergravity, and we have shown how
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this correspondence can be extended to the imaginary components by adding a suitable
current-current interaction to the R2 gravity theory. Our analysis deepens understanding
of the connection between no-scale supergravity and scale-invariant extensions of Einstein’s
theory of gravity. Our interest in this connection was triggered by the observational suc-
cess [3] of the Starobinsky model of inflation [1], and we have reviewed briefly above two
examples how a Starobinsky-like inflationary potential can emerge in simple ways from
SU(2,1)/SU(2)×U(1) no-scale supergravity theory. We think that this is the most promis-
ing avenue for constructing eventually a complete theory of everything below the Planck
scale, connecting inflationary model-building to accessible physics beyond the Standard
Model [23, 29, 30, 34, 35].
Acknowledgements
We would like to thank M. Voloshin for helpful conversations. The work of J.E. was
supported in part by STFC (UK) via the research grant ST/L000326/1 and in part by the
Estonian Research Council via a Mobilitas Pluss grant. The work of D.V.N. was supported
in part by the DOE grant DE-FG02-13ER42020 and in part by the Alexander S. Onassis
Public Benefit Foundation. The work of K.A.O. was supported in part by DOE grant
de-sc0011842 at the University of Minnesota.
12
References
[1] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980).
[2] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp.
Teor. Fiz. 33, 549 (1981)].
[3] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594, A13 (2016)
[arXiv:1502.01589 [astro-ph.CO]]. P. A. R. Ade et al. [Planck Collaboration], Astron.
Astrophys. 594, A20 (2016) [arXiv:1502.02114 [astro-ph.CO]].
[4] J. R. Ellis, D. V. Nanopoulos, K. A. Olive and K. Tamvakis, Phys. Lett. 118B (1982)
335; J. R. Ellis, D. V. Nanopoulos, K. A. Olive and K. Tamvakis, Nucl. Phys. B 221
(1983) 52; K. Nakayama and F. Takahashi, JCAP 1110, 033 (2011) [arXiv:1108.0070
[hep-ph]].
[5] D. V. Nanopoulos, K. A. Olive, M. Srednicki and K. Tamvakis, Phys. Lett. B 123,
41 (1983); R. Holman, P. Ramond and G. G. Ross, Phys. Lett. B 137, 343 (1984);
A. B. Goncharov and A. D. Linde, Phys. Lett. B 139, 27 (1984).
[6] A. S. Goncharov and A. D. Linde, Class. Quant. Grav. 1, L75 (1984).
[7] C. Kounnas and M. Quiros, Phys. Lett. B 151, 189 (1985).
[8] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive and M. Srednicki, Phys. Lett.
152B (1985) 175 Erratum: [Phys. Lett. 156B (1985) 452].
[9] K. Enqvist, D. V. Nanopoulos and M. Quiros, Phys. Lett. B 159, 249 (1985);
P. Bine´truy and M. K. Gaillard, Phys. Rev. D 34, 3069 (1986); H. Murayama, H. Suzuki,
T. Yanagida and J. Yokoyama, Phys. Rev. D 50, 2356 (1994) [arXiv:hep-ph/9311326];
S. C. Davis and M. Postma, JCAP 0803, 015 (2008) [arXiv:0801.4696 [hep-ph]]; S. An-
tusch, M. Bastero-Gil, K. Dutta, S. F. King and P. M. Kostka, JCAP 0901, 040
(2009) [arXiv:0808.2425 [hep-ph]]; S. Antusch, M. Bastero-Gil, K. Dutta, S. F. King
and P. M. Kostka, Phys. Lett. B 679, 428 (2009) [arXiv:0905.0905 [hep-th]]; R. Kallosh
and A. Linde, JCAP 1011, 011 (2010) [arXiv:1008.3375 [hep-th]]; R. Kallosh, A. Linde
and T. Rube, Phys. Rev. D 83, 043507 (2011) [arXiv:1011.5945 [hep-th]]; S. Antusch,
K. Dutta, J. Erdmenger and S. Halter, JHEP 1104 (2011) 065 [arXiv:1102.0093 [hep-
th]]; R. Kallosh, A. Linde, K. A. Olive and T. Rube, Phys. Rev. D 84, 083519 (2011)
[arXiv:1106.6025 [hep-th]]; T. Li, Z. Li and D. V. Nanopoulos, JCAP 1402, 028 (2014)
[arXiv:1311.6770 [hep-ph]]; W. Buchmuller, C. Wieck and M. W. Winkler, Phys. Lett.
B 736, 237 (2014) [arXiv:1404.2275 [hep-th]].
13
[10] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133 (1983)
61; J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B 134
(1984) 429.
[11] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 247 (1984) 373.
[12] A. B. Lahanas and D. V. Nanopoulos, Phys. Rept. 145 (1987) 1.
[13] M. K. Gaillard, H. Murayama and K. A. Olive, Phys. Lett. B 355 (1995) 71
[hep-ph/9504307].
[14] M. Dine, L. Randall and S. D. Thomas, Phys. Rev. Lett. 75, 398 (1995)
[hep-ph/9503303].
[15] G. A. Diamandis, J. R. Ellis, A. B. Lahanas and D. V. Nanopoulos, Phys. Lett. B
173, 303 (1986).
[16] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 241, 406 (1984).
[17] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. Lett. 111 (2013) 111301
[arXiv:1305.1247 [hep-th]].
[18] S. Cecotti, Phys. Lett. B 190 (1987) 86.
[19] G. D. Diamandis, A. B. Lahanas and K. Tamvakis, Phys. Rev. D 92 (2015) no.10,
105023 [arXiv:1509.01065 [hep-th]]; G. A. Diamandis, B. C. Georgalas, K. Kaskavelis,
A. B. Lahanas and G. Pavlopoulos, Phys. Rev. D 96, no. 4, 044033 (2017)
[arXiv:1704.07617 [hep-th]].
[20] K. S. Stelle, Gen. Rel. Grav. 9 (1978) 353; B. Whitt, Phys. Lett. 145B (1984) 176.
[21] C. Kounnas, D. Lu¨st and N. Toumbas, Fortsch. Phys. 63, 12 (2015) [arXiv:1409.7076
[hep-th]].
[22] J. Ellis, D. V. Nanopoulos and K. A. Olive, JCAP 1310 (2013) 009 [arXiv:1307.3537
[hep-th]].
[23] J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1510, 003 (2015)
[arXiv:1503.08867 [hep-ph]].
[24] S. Ferrara, A. Kehagias and A. Riotto, Fortsch. Phys. 62, 573 (2014) [arXiv:1403.5531
[hep-th]]; S. Ferrara, A. Kehagias and A. Riotto, Fortsch. Phys. 63, 2 (2015)
[arXiv:1405.2353 [hep-th]]; R. Kallosh, A. Linde, B. Vercnocke and W. Chemissany,
14
JCAP 1407, 053 (2014) [arXiv:1403.7189 [hep-th]]; K. Hamaguchi, T. Moroi and T. Ter-
ada, Phys. Lett. B 733, 305 (2014) [arXiv:1403.7521 [hep-ph]]; J. Ellis, M. A. G. Garc´ıa,
D. V. Nanopoulos and K. A. Olive, JCAP 1405, 037 (2014) [arXiv:1403.7518 [hep-ph]];
J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1408, 044 (2014)
[arXiv:1405.0271 [hep-ph]].
[25] R. Kallosh and A. Linde, JCAP 1306 (2013) 028 [arXiv:1306.3214 [hep-th]]; T. Li,
Z. Li and D. V. Nanopoulos, JCAP 1404, 018 (2014) [arXiv:1310.3331 [hep-ph]];
J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. D 89 (2014) 4, 043502
[arXiv:1310.4770 [hep-ph]]; C. P. Burgess, M. Cicoli and F. Quevedo, JCAP 1311 (2013)
003 [arXiv:1306.3512 [hep-th]]; F. Farakos, A. Kehagias and A. Riotto, Nucl. Phys. B
876, 187 (2013) [arXiv:1307.1137 [hep-th]]; S. Ferrara, R. Kallosh, A. Linde and M. Por-
rati, Phys. Rev. D 88 (2013) 8, 085038 [arXiv:1307.7696 [hep-th]]; W. Buchmu¨ller,
V. Domcke and C. Wieck, Phys. Lett. B 730, 155 (2014) [arXiv:1309.3122 [hep-th]];
C. Pallis, JCAP 1404, 024 (2014) [arXiv:1312.3623 [hep-ph]]; C. Pallis, JCAP 1408, 057
(2014) [arXiv:1403.5486 [hep-ph]]; I. Antoniadis, E. Dudas, S. Ferrara and A. Sagnotti,
Phys. Lett. B 733, 32 (2014) [arXiv:1403.3269 [hep-th]]; T. Li, Z. Li and D. V. Nanopou-
los, Eur. Phys. J. C 75, no. 2, 55 (2015) [arXiv:1405.0197 [hep-th]]; W. Buchmuller,
E. Dudas, L. Heurtier and C. Wieck, JHEP 1409, 053 (2014) [arXiv:1407.0253 [hep-
th]]; J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1501,
no. 01, 010 (2015) [arXiv:1409.8197 [hep-ph]]; T. Terada, Y. Watanabe, Y. Yamada
and J. Yokoyama, JHEP 1502, 105 (2015) [arXiv:1411.6746 [hep-ph]]; W. Buchmuller,
E. Dudas, L. Heurtier, A. Westphal, C. Wieck and M. W. Winkler, JHEP 1504, 058
(2015) [arXiv:1501.05812 [hep-th]]; A. B. Lahanas and K. Tamvakis, Phys. Rev. D 91,
no. 8, 085001 (2015) [arXiv:1501.06547 [hep-th]];
[26] S. Ferrara, A. Kehagias and M. Porrati, JHEP 1508 (2015) 001
doi:10.1007/JHEP08(2015)001 [arXiv:1506.01566 [hep-th]].
[27] I. Dalianis and F. Farakos, JCAP 1507, no. 07, 044 (2015) [arXiv:1502.01246 [gr-
qc]]. I. Garg and S. Mohanty, Phys. Lett. B 751, 7 (2015) [arXiv:1504.07725 [hep-
ph]]; J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1507,
no. 07, 050 (2015) [arXiv:1505.06986 [hep-ph]]; E. Dudas and C. Wieck, JHEP
1510, 062 (2015) [arXiv:1506.01253 [hep-th]]; M. Scalisi, JHEP 1512, 134 (2015)
[arXiv:1506.01368 [hep-th]]; [arXiv:1506.01566 [hep-th]]; J. Ellis, M. A. G. Garc´ıa,
D. V. Nanopoulos and K. A. Olive, Class. Quant. Grav. 33, no. 9, 094001 (2016)
[arXiv:1507.02308 [hep-ph]]; A. Addazi and M. Y. Khlopov, Phys. Lett. B 766, 17
(2017) [arXiv:1612.06417 [gr-qc]]; C. Pallis and N. Toumbas, Adv. High Energy Phys.
2017, 6759267 (2017) [arXiv:1612.09202 [hep-ph]]; M. C. Romao and S. F. King, JHEP
15
1707, 033 (2017) [arXiv:1703.08333 [hep-ph]]; T. Kobayashi, O. Seto and T. H. Tatsu-
ishi, arXiv:1703.09960 [hep-th]; E. Dudas, T. Gherghetta, Y. Mambrini and K. A. Olive,
arXiv:1710.07341 [hep-ph]; I. Garg and S. Mohanty, arXiv:1711.01979 [hep-ph].
[28] D. Roest and M. Scalisi, Phys. Rev. D 92, 043525 (2015) [arXiv:1503.07909 [hep-th]].
[29] J. Ellis, M. A. G. Garc´ıa, N. Nagata, D. V. Nanopoulos and K. A. Olive, JCAP 1611
(2016) no.11, 018 [arXiv:1609.05849 [hep-ph]].
[30] J. Ellis, M. A. G. Garc´ıa, N. Nagata, D. V. Nanopoulos and K. A. Olive, JCAP 1707
(2017) no.07, 006 [arXiv:1704.07331 [hep-ph]].
[31] H. Buchdahl, Nuovo Cimento 23, 141 (1962); G. V. Bicknell, J. Phys. A 7, 1061
(1974); H. Buchdahl, J. Phys. A 11, 871 (1978).
[32] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van Nieuwenhuizen,
Nucl. Phys. B 147, 105 (1979); E. Cremmer, S. Ferrara, L. Girardello and A. Van
Proeyen, Nucl. Phys. B 212, 413 (1983). doi:10.1016/0550-3213(83)90679-X
[33] R. Kallosh, A. Linde and D. Roest, JHEP 1311, 198 (2013) [arXiv:1311.0472 [hep-th]];
R. Kallosh, A. Linde and D. Roest, JHEP 1408, 052 (2014) [arXiv:1405.3646 [hep-th]].
[34] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. D 89, 043502 (2014)
[arXiv:1310.4770 [hep-ph]].
[35] J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1507, 050 (2015)
[arXiv:1505.06986 [hep-ph]].
16
